Enamel of several fossil and recent arctoid carnivores was studied with light and scanning electron microscopy. As in other carnivorans, 3 types of Hunter-Schreger bands (HSB) were observed: undulating, acute-angled, and zigzag HSB, which differ in their 3-dimensional complexity. Data on arctoid carnivores were used to test the hypothesis that zigzag HSB evolved multiple times to resist cracking of the enamel under high tensile stress. Distribution of HSB, except presence of zigzag HSB in the herbivorous panda, Ailuropoda, supported the hypothesis.
In recent decades, the study of enamel has provided new data concerning phylogeny and systematics of mammalian groups Krause and Carlson 1986; Martin 1992; Wood et al. 1999) . Microstructure of enamel, interpreted in functional and biomechanical terms, also has revealed relationships between feeding habits and enamel structure (e.g., Pfretzschner 1994; Rensberger 1995; Stefen 1999) .
Enamel structure of several mammalian groups is well known , but this is not the case for carnivores, whose enamel has not been studied systematically since the pioneering work of Tomes (1906) . In the last 25 years, enamel of some species, such as Ailuropoda melanoleuca (Zhao and Li 1987) , Ursus spelaeus (Koenigswald 1992) , and Crocuta crocuta (Rensberger 1995; Stefen and Rensberger 1999) has been described. Stefen (1997) reviewed published data on enamel microstructure in carnivores.
Mammalian tooth enamel consists of prisms and interprismatic enamel. After preparation, prisms are visible in the scan-* Correspondent: cmstefen@web.de ning electron microscope (Fig. 1) . From the enamel-dentine junction to the outside of the tooth, prisms can be parallel or they can cross. Decussation (crossing) of prisms is most often in the form of Hunter-Schreger bands (HSB). In HSB, prisms are arranged in layers where the prisms of 1 layer are parallel to each other but are oriented at distinct angles to the prisms of the adjacent layers ( Fig. 1) . Because of the light-breaking effect, the HSB can be observed with oblique shining light as light and dark bands in the enamel . Three different types of HSB have been distinguished: undulating, acute-angled, and zigzag HSB (Koenigswald and Sander 1997; Stefen 1997) . These types can be differentiated from the outside of a tooth by the degree of waviness in their horizontal course. They also differ in the complexity of their 3-dimensional structure. Undulating HSB have the simplest structure, where bands stay parallel throughout the enamel. At the other extreme, zigzag HSB are characterized by an increasingly greater amplitude of the waviness of the bands from the enamel-dentine junction toward the outside of the enamel. (KOE1175) showing vertical connections between adjacent Hunter-Schreger bands (HSB; arrows), which are typical for zigzag HSB; OES ϭ outer enamel surface; bar ϭ 300 m. C) Vertical section of molar of Ursus deningueri suevicus (KOE1184) in the inner enamel showing HSB; in the bands, the prisms (pr) are parallel and show distinct angles to the prisms of the next band; transition zones between HSB are marked by arrows; a thin layer of radial enamel (where all prisms are parallel) close to the enamel-dentine junction (irad) can be observed; D ϭ dentine; bar ϭ 30 m. D) Vertical section of a molar of Ursus deningueri suevicus (KOE1184) showing outer part of the enamel with radial enamel where all prisms are parallel and aprismatic enamel (apr) where no prisms can be distinguished; bar ϭ 30 m.
As a result, bands that are adjacent to one another in the innermost enamel overlap in the horizontal plane in the outer enamel (Fig. 1) . Acute-angled HSB are structurally intermediate (Stefen 1997) .
Zigzag HSB are considered more resis-tant to multidirectional tensile stresses than the other 2 types because of the complex crossing of prisms in all directions. Within different groups of carnivorous mammals, zigzag HSB occur in species that crush bones regularly (e.g., hyenas -Rensberger 1995; Stefen and Rensberger 1999) , or in species that tend to supplement their diet with bones (e.g., canids -Stefen 1999) . Previous studies indicated that zigzag HSB evolved independently in some groups of carnivorous mammals where high tensile stresses occur in the enamel during bone crushing (ossiphagy-Stefen 1997 (ossiphagy-Stefen , 1999 . My review of carnivoran enamel is extended to include an analysis of the arctoid carnivores Amphicyonidae, Ursidae, Mustelidae, and Procyonidae. The goal is to test the co-occurrence of zigzag HSB and ossiphagy and the hypothesis of parallel evolution of zigzag HSB in different lineages. Thus, the emphasis is on the occurrence of HSB types in the arctoid families, as visible with light optical means. To assess a possible correlation of certain HSB types to feeding habits, selected taxa are discussed.
MATERIALS AND METHODS
The HSB were analyzed in all teeth under a binocular microscope with obliquely directed light (Boyde 1976; Koenigswald and Pfretschner 1987) . For comparative reasons, studying the same teeth and same number of teeth for all taxa would be ideal. However, the actual sampling method was arbitrary because of availability of material, especially for fossil taxa. I attempted to study a complete dentition of each species. For taxa where that was not possible, the HSB pattern seen in 1 tooth or several teeth of 1 or a few specimens was assumed to be representative for all teeth of a given taxon. Analysis of represenative teeth with scanning electron microscopic was made to confirm structural identity of undulating, acute-angled, and zigzag HSB in the presented taxa with published descriptions (Stefen 1997 (Stefen , 1999 , which were not presented in detail here. For those analyses, teeth or tooth fragments were embedded in polyester resin. The specimens were cut horizontally, vertically, or tangential to the outer curvature of the tooth. Those sections were ground with polishing paper and sand (grades 600-1,000), etched with 2 N HCl for about 4 s, cleaned in an ultrasound bath, and then dried. After coating with gold, they were analyzed by light or scanning electron microscopy. Material studied and results of the light optical investigations are summarized in Appendix I. Appendix II gives a brief description of the enamel microstructure of selected taxa. Those data served as additional information and are not discussed in connection with the goal of this paper.
RESULTS
Among arctoid carnivores, undulating, acute-angled, and zigzag HSB were observed in the Amphicyonidae, Ursidae, and Mustelidae; only undulating HSB occurred in the Procyonidae. Enamel of a single tooth may have consisted of only undulating HSB, only zigzag HSB, or a combination of different HSB types. In the latter case, a transition occurred from undulating HSB at the tooth base to acute-angled bands or zigzag bands in the tip of the tooth. The transition to zigzag HSB always involved some acute-angled bands. In the following descriptions, acute-angled transitional bands are not specifically mentioned.
In most species studied, the whole dentition showed the same arrangement of HSB. However, differences in the HSB types among teeth within the dentition were noted in 6 species (Appendix I). In those cases, a transition occurred from undulating to zigzag HSB in the canines, but only undulating HSB or a transition to acute-angled HSB occurred in the most anterior premolar (or premolars). In the remaining cheek teeth, the number of zigzag HSB increased toward the carnassials (m1/P4). The number of zigzag HSB in postcarnassial cheek teeth was often difficult to judge because those teeth were often strongly worn or missing. They also were much lower crowned than the other teeth, making a judgment of presence of zigzag HSB in the tips more difficult.
The mustelid Gulo gulo showed some interesting exceptions to the general arctoid pattern. The transition from undulating to TABLE 1.-Results of the light microscopic study of 3 specimens of Gulo gulo showing variation in the occurrence of Hunter-Schreger band (HSB) types (u ϭ undulating HSB, z ϭ zigzag HBS, → ϭ transition from u to z) within the dentition on lower and upper jaws. Gulo 1, Recent specimen examined at Johns Hopkins University, Baltimore, Maryland; Gulo 2, Recent specimen from Alaska (KOE1891); Gulo 3, Pleistocene specimen from Tornewton Cave, United Kingdom (KOE1231). zigzag HSB occurred only in a few teeth, and the number of zigzag HSB varied among individuals (Table 1 ). An additional feature of the 3 specimens of G. gulo examined was the difference between lingual and labial sides of the carnassials; the lingual side of the lower carnassial showed only undulating HSB, but on the labial side, a transition to zigzag HSB occurred in the lower one-third of the tooth (Fig. 2) . Similarly, the upper carnassial showed a mirror image of HSB types; in the labial enamel, undulating and only a few acute-angled HSB occurred, whereas in the lingual enamel, a transition from undulating to zigzag HSB occurred in the lower part of the tooth (Fig. 2) . Thus, in the lower and upper carnassials, zigzag HSB were dominant in the enamel, which had to endure wear from the opposing carnassial.
DISCUSSON
Pattern of occurrence of different HSB types.-As in other carnivores, arctoids I studied show undulating, acute-angled, and zigzag HSB. Only undulating HSB and a transition from undulating to zigzag HSB were observed in the species studied. No taxon had only zigzag HSB. Acute-angled HSB always occurred in the transition between undulating and zigzag HSB. To assess the hypothesis that zigzag HSB are related to high bite forces during mastication, ecology and feeding habits of some taxa in each arctoid group are discussed.
Amphicyonids.-Among amphicyonids studied, only undulating HSB or a transition from undulating to zigzag HSB were observed. The amphicyonids include a heterogeneous group of carnivorous species that vary in size from a fox (Vulpes) to a bear (Ursus). Their phylogenetic relationship may be either closer to bears or dogs, but they are probably closest to the primitive arctoid morphotype (Flynn et al. 1988 ). The paleoecology of most amphicyonids is poorly understood because they combine primitive dental and skeletal characteristics. Thus, the occurrences of HSB types in different amphicyonind taxa are difficult to interpret with respect to feeding habits. For some taxa, a tendency toward durophagous feeding has been noted. Martin (1989) pointed out that some forms, such as Daphoenodon and Amphicyon, could have been ossiphagous. In a study of European forms, Viranta (1996) concluded that Amphicyon, and to a lesser degree Pseudocyon sansaniensis, were capable of bone crushing. Amphicyon and Pseudocyon show a transition from undulating to zigzag HSB. This indicates the co-occurrence of zigzag HSB and bone crushing in amphicyonids. However, Simocyon, also considered to be able to crush bone (Viranta 1996) , showed only undulating HSB. This has to be treated cautiously because only 1 tooth of that species was available for study.
Ursidae.-Ursids show only undulating HSB or a transition from undulating to acute-angled or zigzag HSB. The frugivorous Helarctos (Van Valkenburgh 1989), the carnivorous Ursus maritimus, and the omnivorous U. arctos (Matheus 1995) and U. americanus show only undulating HSB. The herbivorous U. spelaeus (Kurtén 1976) also has undulating HSB and some acuteangled bands irregularly dispersed at the tips of the teeth. This generally supports the association of undulating HSB with omnivorous, frugivorous, and carnivorous diets. A more herbivorous diet, as in U. spelaeus, is mainly associated with undulating HSB, but some acute-angled bands may occur.
Ursids that show a transition to zigzag HSB must be considered separately. Arctodus simus has been considered the most powerful predator in the Pleistocene (Kurtén 1967), an omnivore that was capable of crushing bones (Emslie and Czaplewski 1985) . Baryshnikov et al. (1994) argued that it was an opportunistic feeder on carrion with well-developed sectorial carnassials and crushing premolars. Analysis of carbon and nitrogen stable isotopes indicate that A. simus was highly carnivorous. Combined with morphologic data, the suggestion has been made that Arctodus scavenged on widely dispersed mammal carcasses and cracked bones (Matheus 1995) . To some degree, a similar diet with some tendency toward ossiphagy probably can be assumed for other species of Arctodus. The species studied show a transition from undulating to acute-angled bands and from undulating to zigzag bands, respectively (Appendix I), which supports the co-occurrence of ossiphagous feeding and zigzag HSB.
Presence of zigzag HSB in the enamel of the herbivorous Ailuropoda is not directly concordant with the otherwise observed association of zigzag HSB with bone crushing and high bite forces in carnivores. This observation may be explained by limited ossiphagous habits, phylogenetic constraints, or biomechanics of bamboo chewing. Carnivorous and limited ossiphagous habits are indicated for Ailuropoda melanoleuca, because it feeds on fish, rodents, and bones when they are available (Chorn and Hoffmann 1978; Schaller et al. 1989 ). However, giant pandas probably eat less bone than U. arctos. If Ailuropoda was derived from agriotherine bears (Chorn and Hoffmann 1978) , then it could have inherited the zigzag HSB because agriotherine bears such as Agriotherium show a transition from undulating to zigzag HSB. However, the relationship between agriotherines and Ailuropoda was disputed by Hendey (1980) and Mayr (1986) , who pointed out that Ursavus depereti displays most of the characteristics that can be assumed for an ancestor of Ailuropoda.
The 3rd possible reason for the zigzag HSB in Ailuropoda may be biomechanical constraints of bamboo chewing. Bamboo is a very tough material, which may make it necessary to reinforce enamel to withstand chewing forces of bamboo eating. The red panda, Ailurus fulgens, which also feeds on bamboo (Roberts and Gittleman 1984) , has exclusively undulating HSB. The difference in body size between Ailuropoda and Ailurus suggests that they feed on bamboo shoots of different size and nutritional quality. Ailuropoda has a poor digestive efficiency (Roots 1991) and thus probably eats tougher shoots in greater quantities. This might favor presence of tooth enamel that is highly resistant to crack formation. However, other authors concluded that the giant panda and the red panda are very similar in their digestive tracts, digestive efficiencies, and natural diet (Bleijenberg and Nijboer 1989) . The giant panda and red panda differ in longevity, which also may be important; teeth of the giant panda have to last longer and chew more bamboo than those of the red panda.
Mustelidae.-Most mustelids show only undulating HSB, and only a few taxa show a transition from undulating to zigzag HSB. Feeding specializations of mustelids differ, as the following examples show. Mephitine, meline, and lutrine mustelids tend to be omnivorous and have enlarged upper and lower 1st molars and a reduced cutting character of the carnassials. Lutra lutra is mainly piscivorous (Hewson 1973; McNab 1989) , whereas Meles meles feeds mainly on earthworms (Kruuk and Parish 1981) . Taxidea and, even more so, the extinct Pliotaxidea are insectivorous (Wagner 1976) . Mephitis is insectivorous but supplements its diet with mice, eggs, and birds (WadeSmith and Verts 1982). Species of Mustela and Martes are carnivorous to insectivorous (Boitani and Bartoli 1983; Moors 1975) , and Arctonyx, Aonyx, and Mellivora are omnivorous (Boitani and Bartoli 1983) . Enhydra lutris feeds on sea cucumbers, snails, and squids but also on hard-shelled invertebrates such as mussels and abalones (Estes 1989), and uses rocks to open them rather than its teeth (Hall and Schaller 1964) . All taxa with piscivorous, carnivorous, insectivorous, and omnivorous feeding habits had undulating HSB.
Within mustelids, zigzag HSB occur in the extinct Plesiogulo and extant Gulo gulo, which are closely related (Harrison 1981; Kurtén 1970) and morphologically similar and probably had a similar lifestyle. A tendency toward ossiphagy has been observed for G. gulo (Myhre and Myrberget 1975; Van Valkenburgh 1989; Zapfe 1939 ) and can be assumed for Plesiogulo (Harrison 1981) . Some other extinct mustelids (Aelurocyon, Brachypsalis, and Eomellivora) also show a transition from undulating to zigzag HSB, but their possible feeding habits are unknown. Based on data from other carnivorans (Stefen 1997 (Stefen , 1999 , presence of zigzag HSB in these species may indicate a tendency toward ossiphagous or durophagous feeding habits.
Procyonidae.-All procyonids showed exclusively undulating HSB. Only a few fossil taxa were accessible for study, probably because of their preference for habitats that offer poor condition for fossilization (Baskin 1982) . Procyonids are generally omnivorous-frugivorous to herbivorous. Bassariscus and Potos are frugivorous (Baskin 1982) , and Nasua and Procyon are more omnivorous (McNab 1989; Van Valkenburgh 1989) . Ailurus is the most specialized living procyonid, feeding on bam-FIG. 3.-Hypothesized phylogeny of Ursidae and Procyonidae and the observed HunterSchreger band types; the phylogeny represents a composite tree based on data from Martin (1989) , Nash et al. (1998), and O'Brien et al. (1985) . U. deningueri suev. ϭ Ursus deningueri suevicus.
boo, but also on birds, eggs, fruits, and some vertebrates (Roberts and Gittleman 1984) .
Evolution of HSB.-A review of the occurrence of HSB types in Carnivora showed that zigzag HSB evolved independently from undulating HSB in different groups and lineages (Stefen 1997) . For the groups in the present study, the phylogeny of bears is well enough established (Martin 1989) to follow the development of HSB in detail (Fig. 3) . Cephalogale is considered the earliest representative of bears and has undulating HSB, as does Ursavus, which is interpreted to be at the base of a further radiation that produced the ursid and tremarctine bears. Zigzag HSB in the enamel of later bears evolved during this radiation from undulating HSB in Ursavus. This indicates a parallel evolution of zigzag HSB in Ailuropoda, Agriotherinae, Arctodus, and the Miocene genus Hemicyon.
Enamel structure.-The variation in the pattern of HSB occurrence along the tooth row, as described for Amphicyon, does occur in other Carnivora as well (e.g., Canidae- Stefen 1999) . Variation in the number of zigzag HSB in different teeth could reflect different biomechanical constraints on the teeth. Van Valkenburgh (1996) demonstrated that large African carnivores tend to cut skin with carnassials and pull muscle with incisors and canines. The postcanine dentition, carnassials in particular, are used mainly to eat skin or muscle and bone. Bone is crushed with the premolars by hyenas and by postcarnassial molars in wild dogs (Lycaon pictus).
Amphicyonids or other Carnivora showing an increase of zigzag HSB at the tips of the teeth toward the carnassials probably emphasize the use of the posterior dentition in feeding and are likely to supplement their diet with bones. They may not ''need'' enamel reinforced by HSB in all teeth, as is seen in hyenas because they consume relatively few bones, and the contact between bone and teeth may be more focused on the posterior dentition. Van Valkenburgh (1996) observed that the association between use of teeth and type of food was not perfect. This may be the reason for an increase in the numbers of zigzag HSB in the dentition in parallel with an increase in the consumption of bone; the more bone that is consumed, the more probable a contact between more and different teeth and bone becomes and that may require the reinforcement of the enamel through zigzag HSB.
A differentiation in enamel structure between lingual and labial sides of a tooth, such as was observed in the carnassials of G. gulo, has not been described previously for carnivorous mammals. Zigzag HSB occur on the occluding side of the carnassial and can be assumed to render the enamel more resistant to wear. Rensberger and Koenigswald (1980) showed that enamel with HSB oriented parallel to abrasive forces is more resistant to wear than enamel with HSB oriented at right angles to the abrasive forces. In the carnassials of G. gulo, the vertical component of the zigzag HSB is parallel to the opposing tooth and probably functions to strengthen the enamel (Stefen 1997) . However, why only G. gulo exhibits such a differentiation is not clear.
The analysis of amphicyonid, ursid, mustelid, and procyonid tooth enamel supported previous assumptions that zigzag HSB are derived from undulating HSB, that zigzag HSB evolved independently in different lineages of carnivores, and that zigzag HSB co-occur with ossiphagous feeding. This relationship between feeding habit and enamel structure is not as straightforward in the extinct amphicyonids because their ecology is not well understood. Further study of feeding behavior and how individual teeth are used may help to understand differentiation in the enamel structure on lingual and labial sides of teeth, as was seen in G. gulo.
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